ABSTRACT The Piankatank River is a trap-type estuary on the western shore of Chesapeake Bay that has been managed for seed oyster production since 1963. Market oyster production in the river is minimal. Repletion efforts include shell planting and seed removal. We describe sequential changes in population demographics and habitat in relation to repletion activities on eight Piankatank River public oyster reefs from 1998 through 2009. Two reef groups (northern and southern) may be distinguished by density (oysters/m 2 ), biomass (g dry tissue weight), and shell volume (L/m 2 ) data. Age-at-length relationships were estimated from demographic data using a quadratic model. Observed mortality rates were high, and age 3+ oysters were essentially absent. A strong recruitment signal was observed in 1999 and 2002. Between 1998 and 2009, about 30% of the live oysters in the river were harvested as seed, corresponding to ;7.5% of the total shell base in an average year. Typically, for every 5 bushels of shell planted, 1 bushel of seed was harvested (20% return). Even with shell planting (;10 L/m 2 /y), the river shell budget showed a deficit with respect to the accretion rate required to balance sea level rise and natural degradation processes. During the study period, the mean river recruit-to-stock ratio was ;4. The unusual and consistently high recruit-to-stock ratios suggest that management for modest continuous seed removal may be accomplished without shell planting. Annual stock assessment to identify low recruitment years is recommended as a method to adjust annual seed harvest quotas.
INTRODUCTION
The eastern oyster (Crassostrea virginica, Gmelin 1791) has been the target of commercial fisheries from Maine to Texas since the 17th century (Brooks 1891 , Moore 1897 , Galtsoff 1964 . Eastern oysters created biogenic reef habitats in estuarine and coastal ecosystems that were sustained by sequential recruitment, growth, and mortality (Galtsoff 1964 , Powell et al. 2006 , Mann et al. 2009b . Over geologic time, as the Chesapeake Bay was formed by rising sea level, oyster larvae migrated into the developing estuaries from coastal waters and established the founding populations for massive reef systems that developed over thousands of years . By the late 1800s, natural oyster beds previously thought to be ''inexhaustible'' were depleted, and a variety of strategies were used to enhance oyster abundance to meet the increasing demand (Moore 1897) . Strategies to increase oyster productivity that have been used successfully in North America include planting oyster shell on soft bottom to provide substrate for recruitment alone or in combination with planting of submarket or ''seed'' oysters harvested from natural reefs (Moore 1897 , Chew 1983 , Kennedy & Sanford 1999 . Since 1896, Virginia's oyster fishery has relied on production from public oyster grounds managed by the Virginia Marine Resources Commission (VMRC) and privately leased oyster grounds managed by individuals or companies. The distinction between public and private grounds is made on the basis of the Baylor survey (1896), which identified and set aside the most productive oyster bottom for public use. The Baylor survey was commissioned in 1892 and the resulting maps by river and county became available between 1892 and 1896. We use 1896 as the citation date because the complete map set was finished in this year.
Until the late 1950s, Virginia produced the majority of oysters in the United States (Haven et al. 1978 , Haven & Whitcomb 1986 , Hargis & Haven 1988 . In 1959, the disease MSX (Haplosporidium nelsoni) appeared in the lower Chesapeake Bay, Virginia (Andrews 1968) , and spread rapidly through oyster habitat with salinities at or above 15 by 1960 to 1961 (Andrews & Wood 1967) . Although mortalities from MSX reduced fishery and seed production on public grounds, production from private leases declined dramatically beginning in the early 1960s, when growers stopped planting seed (Haven et al. 1978 , Hargis & Haven 1988 . In response to the decimation of the traditional seed beds in the lower James River by MSX in 1960 and 1961 , the VMRC began a focused repletion program combining shell planting and seed harvest in the Piankatank River during 1963 (Haven et al. 1978) .
The Piankatank River is a small Virginia estuary on the western shore of the Chesapeake Bay. It is a trap-type estuary (Andrews 1979) characterized by a single, central deep channel, a sill at the entrance, and several consecutive gyre systems in the lower river reaches. It has a small watershed (approximately 466 km 2 (Chen et al. 1977) ), containing predominantly forested and agricultural lands. When Captain John Smith mapped the region in 1608, he described intertidal oyster reefs in the lower part of the river (Smith (1612) in Barbour 1986 ). More than 3 centuries of fishing pressure have drastically reduced the spatial footprint and vertical relief of oyster populations relative to what they were before European settlement (e.g., Haven et al. 1981 , Haven & Whitcomb 1986 , Hargis & Haven 1988 , Hargis & Haven 1999 , Woods et al. 2005 in the Piankatank River and the Chesapeake Bay as a whole. Leased bottom in the Piankatank River has been used as a source of seed by private growers to supply leases in other estuaries since at least the 1930s (Haven et al. 1978) . Some shell (0.5 3 10 6 bu (Haven et al. 1978) ) was planted in the Piankatank River as part of public repletion efforts between 1930 and 1961, given the river's reputation as a river with little available natural shell cultch (Haven et al. 1978) . The bushels referred to herein are Virginia bushels (3003.9 in 3 or 49.2 L). Management of the Piankatank River public oyster as a seedproducing area from 1963 through the present has focused on the region upriver of Stove Point Neck and the sill across the mouth of the river (Fig. 1) . Shells are planted in late spring or early summer to provide substrate for natural recruitment. In early spring of subsequent years, dredges are used to harvest the seed or shells with naturally recruited oysters. Seed oysters are moved out of the estuary and either applied to other public oyster areas in the state by the VMRC or sold to private lease holders for grow-out to market size and eventual harvest. Typically, 2 y are required for production of market oysters from seed, with a 1:1 ratio of return for bushels of seed planted in relation to bushels of market oysters harvested (Haven et al. 1978 , Andrews 1996 .
The goal of Virginia's public oyster management effort in the Piankatank River is to sustain both seed oyster productivity and the integrity of the habitat. The positive relationship between live oysters and live shell habitat is well documented (Powell et al. 2006 , Powell & Klinck 2007 , Mann et al. 2009a , Mann et al. 2009b ). Fishing removes both habitat and live oysters. These objectives are achieved by balancing shell planting with seed removal in the context of natural interannual variability in environmental conditions. Market oyster production within the Piankatank River is limited; only seed are harvested from the eight oyster bars examined herein. In this contribution, we examine sequential changes in oyster population demographics and habitat stability in relation to oyster repletion activities on eight Piankatank River public oyster grounds from 1998 through 2009. Haven et al. (1981) . A continuous hydrographic monitoring station was established at Palace Bar Reef (PBR) in 2005. bs $ locations of buried shell described by Haven et al. (1981) .
MATERIALS AND METHODS
Survey methods for the current Piankatank River study follow those used in the James (Mann et al. 2009b) and Great Wicomico Rivers (Southworth et al. 2010b) . Oysters were collected during the fall (November) from eight natural oyster reefs within the public grounds from 1998 through 2009, in the Piankatank River (Fig. 1) . A quantitative sampling program was used along with a stratified random grid with individual oyster reefs (bars) forming the strata (Mann et al. 2009b , Southworth et al. 2010b . Reef names and locations for the public reefs (Fig. 1) adhere to those used by Baylor (1896) and subsequently resurveyed by Haven et al. (1981) .
Ginney Point and Palace Bar are north of Roane Point within a gyre whereas the other 6 reefs are between Bland Point and Stove Point within a second gyre system facilitated by the presence of both Stove Point Neck and a sill running southeast across the river between Stove Point and Gwynn's Island. The combination of Stove Point Neck and the sill restrict the entrance to the river. Andrews (1979) lists a restricted entrance and low tidal flushing rates as characteristics of a trap-type estuary. Tidal range at the study sites in the Piankatank River is approximately 0.4 m (Chen et al. 1977) . Maximum tidal currents south of Stove Point Neck are 30 cm/sec, whereas tidal currents north of Stove Point, in the study area, are ;12 cm/sec (Chen et al. 1977) , yielding relatively low tidal flushing rates between Glebe Neck and Stove Point Neck.
Temperature and Salinity
Water temperature was measured on a weekly basis from June through September at 7 sites (all reefs but Burton Point 2; Beginning in June 2005, temperature was also measured at 15-min intervals with a YSI (Yellow Springs Instrument Company, Yellow Springs, OH) 600 series sonde mounted 0.5 m above the bottom at Palace Bar Reef (PBR), a 3-dimensional constructed shell reef (Fig. 1) . Monthly linear regressions (Piankatank temperature ¼ b + m 3 (York temperature) between measured water temperatures at PBR and a similar sonde deployed in the York River (Gloucester Point VA, Linear regressions (Piankatank salinity ¼ b + m 3 (York salinity)) were used to relate average daily salinity data from the York River at Gloucester Point and PBR in the Piankatank River for each month for June 2005 through 2009. These regressions were then used with measured average daily salinities from the York River at Gloucester Point from 1998 through December 2009 to predict the salinities in the Piankatank River.
Oyster Field Collections
Oysters were collected from the 43-ft long VMRC vessel J.B. Baylor with a hydraulic patent tong. The open dimensions of the tong were such that it sampled 1 m 2 of bottom. Upon retrieval of each sample (¼ patent tong grab), oysters were counted and measured (in mm), and the volume of shell material (in L) excluding oysters was recorded. The longest dimension from the hinge to the shell margin was measured for each oyster. This is correctly termed ''shell height,'' although commonly described as shell length (SL) in most literature. We adopt the common convention and refer to SL in subsequent text. A count of the number of oysters per tong was made in all years sampled. From 1998 to 2002, all oysters were measured and classified into 5-mm size bins. Beginning in 2003, for each sample, individual oyster lengths were recorded to the nearest mm. Samples with more than 20 L shell were halved to facilitate Data are presented as the average number of oysters/m 2 (Standard errors of the mean are in parentheses and n values are a superscript for each mean value). ND ¼ data were not available for a particular reef/year. The identification numbers for the individual reefs correspond to those used in Figure 1 . processing. The resulting counts and length frequency distributions for the subsample were doubled to estimate density and size distribution on a per-m 2 basis when subsampling was necessary. The procedures of Bros and Cowell (1987) were used to ensure adequacy of sampling within each strata.
Average oyster density (number/m 2 ) was calculated for each oyster reef by averaging the number of oysters collected from all samples on a reef within a year. Average shell volume (L/m 2 ) was calculated by averaging the total volume of shell collected from all samples on a reef within a year. For the period 2002 to 2009, shell was additionally categorized as brown shell, which is shell that lies above the sediment water interface, and black shell that was exhumed from below the surface during the collection process. ) (Standard errors of the mean are in parentheses and n values are a superscript for each mean value). ND ¼ data not available for a particular reef/year. The identification numbers for the individual reefs correspond to those used in Figure 1 . Multiple comparison results refer to the reef numbers in Table 1 and Figure 1 . † Numbers 1-8 correspond to reefs (1) Ginney Point, (2) Palace Bar, (3) Bland Point, (4) Heron Rock, (5) Cape Toon, (6) Stove Point, (7) Burton Point, and (8) Burton Point 2 as in Figure 1 . * ¼ Statistically significant P values. Log ¼ log-transformed data as discussed in text.
Biomass Estimation
Data from a size range (SL, 26-109 mm) of live oysters (n ¼ 651) collected from the Piankatank River in November 2004 through 2009 were used to estimate the relationship between oyster shell length (in mm) and biomass or dry tissue weight (in g) on public oyster reefs. After oyster SL was measured to the nearest mm, the tissue was removed and dried to constant weight (dry tissue weight in g) at 80°C (72 h).
Wet shell weight (WSW in g) was obtained from the same 651 oysters used for biomass estimation after the tissue had been removed and before the shells had dried. The relationship between SL and WSW was described. Biomass and shell weight calculations were made for each reef using the midpoint of each reef-specific, 5-mm size class as SL in the fitted SL-DW equation and are reported for 1998 to 2009.
Age Structure and Mortality
The estimation of age structure from length demographic plots follows the procedure in Harding et al. (2008) , Mann et al. (2009b) , and Southworth et al. (2010b) . Briefly, demographic plots were prepared for each year (2003 to 2009) for the live oysters (n ¼ 13,349 oysters), measured from each reef where live oysters were aggregated, on a year-specific length frequency graph using 2-mm-length bins. Individual cohorts were identified by the method of Bhattacharya (1967) . The range and modal length of each cohort was identified by counting cohorts and relating the cohort settlement dates to long-term recruitment patterns developed from annual recruitment (spatfall) reports for the Piankatank River over the study period (Southworth et al. 1999 (Southworth et al. , 2000 (Southworth et al. , 2007 (Southworth et al. , 2010a (available at http://www.vims.edu/mollusc)). The quadratic relationship (SL ¼ a 3 (Age) 2 + b 3 (Age) + c) was used to describe the age-length relationship, because it provides higher values for the coefficient of determination and a more accurate fit for the older age classes than a corresponding linear model. The demographic plots were recast as graphs of year classes for each year by location in the river for 1998 through 2009 using the quadratic relationship for all years.
Annual mortality, as a proportion of the standing population, was estimated by the following relationship:
where #Live(t) equals the number of live oysters at time t (t, units of 1 y). Possible errors in this approach are discussed in Mann et al. (2009b) .
Disease Status
The prevalence and intensity of Perkinsus marinus (Dermo) and H. nelsoni (MSX) at selected locations in the study area are reported by Ragone Calvo & Burreson (1999 , Carnegie et al. (2004) , and Carnegie & Burreson (2005 . Disease data are presented herein as either prevalence (percent infected) or weighted prevalence (WP) for comparison with mortality data. WP is calculated based on the following formula from Burreson et al. (1988) : Total standing stock ( Data are presented as total number of oysters for each reef/year combination, with the sum for each year totaled across all reefs in bold. ND ¼ data not available for a particular reef/year. where R, L, M, and H are rare, light, medium, and heavy infection intensity, respectively, and n is the total number of oysters tested. Disease samples are typically taken from oysters with an SL greater than 60 mm.
Data Analyses
Seven hundred seventy-eight data pairs (total shell volume, live oyster density) including patent tong grabs with total volume ¼ 0 and/or density ¼ 0 were used to describe the relationship between the presence of oyster shell and live oysters on public reefs in the Piankatank River (1998 to 2009) with a linear model:
The negative y-intercept describes the prerequisite for oyster shell (habitat) for the success of live oysters. All subsequent analyses include only tongs with a total shell volume greater than 0 and a density of live oysters greater than 0 (n ¼ 675 tongs with non-0 total volume and density).
The relationship between brown shell volume (in L/m 2 ) and total shell volume (in L/m 2 ) was described using a linear model to examine 530 data pairs:
The negative intercept is indicative of a minimum basal or spatial footprint requirement of total shell volume to provide some brown shell (habitat) at the substrate-water interface. A minimum of approximately 2 L/m 2 total shell volume is required to provide any positive value of brown shell volume. The coefficient of determination indicates that brown shell volume is a predictor of the total shell volume a majority of the time on the public reefs in the Piankatank River.
The relationship between brown shell volume (L/m 2 ) and oyster density on Piankatank River public reefs (2002 to 2009) was also described with a linear model:
The y-intercept value for the brown shell volume-oyster density relationship is higher than that observed for the total shell volume-density relationship, indicating that brown shell volume is a requirement for oyster habitat. The relatively low coefficient of determination for the brown shell-density relationship may be the result of relatively low oyster densities (discussed later) or patchiness in the spatial distribution of the live oyster resource (discussed later). Only tongs with a total volume greater than 0 and a live oyster density more than 0 (n ¼ 615 for total volume, n ¼ 409 for brown shell volume) were used for subsequent analyses.
The relationship between oyster SL (in mm) and oyster biomass (g dry tissue) for 651 oysters ranging from 26-109 mm in SL was described using a power equation: Density and biomass data satisfied assumptions of normality and homogeneity of variance after transformation (logarithm). An analysis of covariance (ANCOVA) with total shell volume (L/m 2 ; 1998 to 2009) as a covariate, with reef and year as factors was used to evaluate density and biomass data (1 ANCOVA each for density and biomass).
Density and biomass data from sites with brown shell volume greater than 0 were also analyzed with separate ANCOVAs with brown shell volume (L/m 2 , 2002 to 2009) as a covariate, and location and year as factors. Density and biomass data were log-transformed prior to analyses to satisfy the assumptions of normality and homogeneity of variance. Significance levels for all tests were established at alpha ¼ 0.05 a priori. Fisher's parametric post hoc multiple comparison test was used. Reef areas are given in Table 2 . The percentage of the total standing stock by number (Table 7) removed as seed is given at the bottom for all reefs combined within a year.
RESULTS

Temperature and Salinity
There is good agreement between the water temperature predictions (Table 1) , summer measurements, and sonde data series for the Piankatank River from 1998 through 2009 (Fig. 2) . Summer maxima in the Piankatank River reached or exceeded 30°C in 2002, 2005, and 2006 (Fig. 2) . Piankatank River winter minima were lowest (Fig. 2) (Fig. 3) .
Description of the Oyster and Shell Resource
Oyster Density and Biomass
The area of the individual reefs (sampling strata) varied by a factor of 6 (2.12310 4 -1.66310 5 m 2 , Table 2 ). The Piankatank public reefs can generally be described as 2 groups on the basis of live oyster density (Table 2 ) and biomass (Table 3 ; g dry tissue/m 2 ). The reefs between Glebe Neck and Stove Point Neck ( Fig. 1 ; Ginney Point, Palace Bar, Bland Point, and Stove Point, hereafter referred to as ''northern'') usually had the 4 highest values for density and biomass within a year, and these values were significantly higher than densities and biomass from Cape Toon, Heron Rock, Burton Point, and Burton Point 2, hereafter referred to as ''southern'' (ANCOVAs, Table 4, Fig. 1) .
The 2 y of highest recruitment, density, and biomass during the study period were 1999 and 2002 (Table 4) Both oyster density and biomass were significantly affected by year, reef, and total shell volume (Table 4, Table 5 ), as well as brown shell volume (Table 4, Table 6 ). Palace Bar and Bland Point had significantly higher total shell volume than Stove Point, Heron Rock, and Cape Toon (Table 4 ) with all reefs having higher total shell volume than Burton Point 2.
The shell material collected in the surveys and quantified in units of L/m 2 for each sample ranged in size from intact oyster shells to shell fragments. Total shell volume (brown and black shell) was recorded in all years (Table 5) . Brown shell was quantified separately from 2002 through 2009 (Table 6 ). Brown shell results from mortality and repletion activity. The time frame for decay or disappearance of brown shell may be on the order of years (Powell et al. 2006) . Once buried, brown shell becomes black shell. Black shell is unavailable as oyster habitat and has a different decay rate (half life) than brown shell. Total shell volume data collected in November surveys reflect additions Reef areas are given in Table 2. from recruitment, mortality, and repletion-related shell additions (plantings) in the preceding spring (discussed later). All reefs had significantly higher total shell volume than Burton Point 2 (<10 L/m (Table  5) . Brown shell volumes ranged from 0.6-0.7-15.7 L/m 2 , with Ginney Point having significantly higher brown shell volume than the reefs on the southern side of the channel (Fig. 1, Table  4 ). All the northern reefs between Glebe Neck and Stove Point Neck had significantly higher brown shell volume than Cape Toon and Burton Point 2 (Tables 4 and 6 ), similar to the observed density trends.
Spatial trends in oyster distribution within reefs can be examined through variance-to-mean ratios from replicate samples collected on the same reef within a year (Fig. 4 , ratios > 1 indicate aggregation, ratios ¼ 1 describe a random distribution, values < 1 indicate a uniform distribution). Variance to mean ratios for live oyster density data from the Piankatank public reefs range from 0.9-155.3 (Fig. 4A) . Almost all (99%) the observed variance-to-mean ratios for density data from the Piankatank River are greater than 1 (Fig. 4A) , indicating aggregated distributions of oysters, which is expected for reef-building oysters with gregarious settlement behavior. Most (70%) of these ratios are between 10 and 80, with no values between 80 and 100. These values are generally similar to variance-to-mean ratio values for oyster densities of 10-100 observed in other natural populations of Chesapeake Bay oysters (Mann et al. 2009b , Southworth et al. 2010b .
All variance-to-mean ratios for total shell volume (in L/m 2 ) were all less than 20, with 94% of values less than 10 ( Fig. 4B ) and a median of 3.9. The variance-to-mean ratios for brown shell volume (in L/m 2 ; Fig. 4C ) ranged from 0.5-22.9, with 92% of observed values equal to 10 or less and a median of 4.2. The observed variance-to-mean ratios for total and brown shell volume are also characteristic of aggregated distributions as expected in biogenic reef habitats occupying historic reef footprints (Baylor 1896) formed on geologic timescales. 
Oyster Standing Stocks
Standing stock in numbers (Table 7) and biomass (Table 8 ) from 1998 through 2009 was estimated by multiplying the average oyster density and biomass per unit area (Tables 2  and 3) (Table 9; 2000, 2001, 2003) after a year of strong recruitment (1999, 2002) will remove or dampen this trend. Oyster seed at 500/bu were removed from the Piankatank public reefs in 2000, 2001, 2003, 2008, and 2009 , representing approximately 34%, 32%, 27%, 22%, and 2% of the total standing stock by number, respectively ( Table 9 ).
The Shell Resource
In addition to shell from natural recruitment, growth, and mortality, selected reefs received supplemental shell planting at different times during the study period (Table 10 ). To optimize availability for recruitment, shell was planted after seed removal (early spring) but before the end of July. The shell planting additions are reflected in the observed total shell (Table 5 ) and brown shell (Table 6 ) volumes recorded on November surveys, although additions must be balanced against shell removal as part of seed harvesting. These reef-specific manipulations in support of repletion mask the natural burial and shell degradation processes.
The relationship of repletion activity (seed removal, shell planting) with the survey values of total and brown shell volume illustrates the impoverished state of the underlying reef substrate on these public reefs. (Tables 5 and 6 ).
Estimation of Oyster Age at Length
The quadratic relationship SL ¼ a 3 (Age) 2 + b 3 (Age) + c was used to estimate age-at-length for Piankatank River oysters (Fig. 5, Table 11 ). Examination of year-specific model coefficients Ratios in years of seed removal in the spring prior to the fall surveys have been corrected for seed removal (* ) as discussed in text. Location-specific proportional mortality rates for the public reefs in the Piankatank River from 1999 through 2009.
revealed very modest changes from year to year (Table 11) , and the model for all years was used to recast length demographics as age demographics and to estimate age-specific mortality. Using a July 1 birth date and noting that current data are for a fall survey, then lengths on November 1 represent ages of 0.33 y, 1.33 y, and so on with annual increments. For clarity throughout the rest of the text, these ages will be referred to as 0-, 1-, 2-, and 3-y-olds, respectively. Corresponding SL are 24.9 mm at 0 y, 52.6 mm at 1 y, 74.5 mm at 2 y, and 90.5 mm at 3 y. The current estimates of age-at-length are commensurate with the 0-3-y classes for the linear age-at-length relationships reported by Harding et al. (2008) and Mann et al. (2009b) in the James River, Virginia, and the quadratic age-at-length relationships reported by Southworth et al. (2010b) in the Great Wicomico River, Virginia. The curvature of the quadratic fit dictates smaller length at age for older individuals than a linear fit.
Age Structure, Mortality, Shell Budget, and Recruit-to-Stock Ratio Age structure was described for northern, southern, and all reefs using the quadratic age-at-length relationship to discriminate year classes from the measured population demographics in each year. In general, the progression of a cohort over time may be followed by moving diagonally and down each year (Table 12 ).
Recruitment and young of the year (YOY) densities are consistently higher at the northern reefs than at the southern reefs (Table 12) (Table 12 ). Age 1+ y classes represent approximately 30% and 34% of the total population on northern and southern reefs, respectively. The skewed nature of the population demographic toward YOY throughout the river system speaks to the influence of predation and disease on age structure.
A description of the mortality for the northern and southern reef groups is complicated by seed removal in the spring preceding the annual fall surveys (2000, 2001, 2003, 2008, and 2009; B; 1998 to 2005, 2008) at reefs 1, 2, and 7. Weighted prevalence is on a scale of 0 (no disease detected) to 5 (100% with heavy infections). Prevalence uses a scale from 0% (no oysters infected) to 100% (all oysters sampled infected). Data are from Ragone Calvo and Burreson (1999 , Carnegie et al. (2004) and Carnegie and Burreson (2005 , and are used with permission.
Mean annual mortality rates for YOY, Age 1-, and Age 2-y classes are comparable for northern and southern reefs (Table  13) (Table 12 ) throughout the system.
The separation of the YOY from $ 1-y-old oysters is based on the age-at-length relationship (Fig. 5, Table 11 ). The recruitto-stock (R/S) ratio is generated from the stock (S, year t) and recruit (R, year t +1) data. This ratio describes the riverwide stock at basin wide spatial scales with an assumption of no immigration, and a scenario in which all larvae have the opportunity to recruit within the basin. , and 2009 signals were compromised by seed removal ( Table 9 ). The total population demographic estimate (Table  12 ) was corrected annually for any seed removal (Table 9) , with the assumption that seed removal takes all year classes in proportion to their abundance (no bias in removal of 1 y class over the others). Using the resulting YOY in 1 y (t 1 ) with the animals older than YOY in the preceding year (t 0 ) for 1998 through 2009, we estimated R/S ratios during 1999 through 2009 (Table 14) . R/S values greater than 1.0 would typically suggest an expanding population. In a seed river, R/S values in excess of 1 are required to maintain seed production and populate shell plants. Only 3 of the 11 Piankatank River R/S values from 1999 through 2009 are less than 1, with the highest observed value of 17 (2006 , Table 14) . Haven et al. (1978, p 262) point out: ''Survival in a successful seed area is good because of the absence of significant levels of mortality or endemic diseases. This allows accumulation of oysters over the years in the area, assuming that harvesting is not excessive, other environmental conditions are good, and predation is not excessive.'' The observed R/S values are consistent with Haven et al. (1978) and support the suggestion that this would be the case in the Piankatank River in the absence of extensive seed harvest and disease activity.
Considering all data for the 1998 to 2009 period, we cannot identify a predictive R/S relationship for the oysters on public reefs within the Piankatank wherein stock in year t 0 can be used to predict the number of recruits the following year. The history of seed harvest during the study confounds attempts to derive a stock-recruit relationship for the entire study period. Examination of the years in which seed are not removed during the study period does identify a long-term R/S ratio of 5.4 independent of seed removal. The range of observed R/S ratios (3.2-7.2, with an exception of 17.2 in 2006; Table 14 ) are modest in years during which there is no seed removal and when densities are greater than 10 oysters/m 2 throughout the system (Table 2 ).
removal. Andrews (1996, p 14) suggested that the Piankatank is ''effective in producing seed oysters with quite regular spatfalls. The diseases have not affected setting rates in the coastal plain estuaries because low populations of broodstock are adequate.'' The current demographic, disease, and mortality data bear this suggestion out. Even with high disease levels from 1999 to 2002, the systemwide average R/S ratio was 4.6! MSX was present in the Piankatank River from 1998 through 2002, and in 2008, but absent from 2003 through 2005 (Fig. 6B) and has been present in the system since 1963 (Andrews & Wood 1967 , Haven et al. 1978 . No data were available for 2006, 2007, and 2009 . The coincidence of both diseases on at least 2 if not all 3 reefs from 1999 through 2002 (Fig. 6 ) likely contributed to the observed demise of older oysters in the Piankatank during these years (Tables 12 and 13) . A similar dynamic may currently be in progress, because both diseases were observed in 2008 (Fig. 6) .
Contribution of Mortality to the Shell Habitat Base
Shell habitat is maintained by addition from mortality and is lost to burial and taphonomic processes. Persistence of habitat is dependent on the rates of each process (Powell et al. 2006 , Powell & Klinck 2007 , Mann & Powell 2007 , Mann et al. 2009a , Mann et al. 2009b . A positive shell accretion balance of the order of 4.55 L/m 2 /y (Mann et al. 2009a ) is required over extended periods to compensate for sea level rise (Pyke et al. 2008 ) and natural shell degradation processes (Powell et al. 2006 , Powell & Klinck 2007 This relationship was used to estimate the amount of live WSW (in g/m 2 ) observed in each patent tong on the basis of live oyster demographics. The volumetric conversion from Mann et al. (2009b) was used to convert grams of shell to liters of shell herein. Mann et al. (2009a) presented high and low rate estimates for mortality contribution to the habitat based on when, in the year between surveys, individuals died. A parallel analysis for public oyster reefs in the Piankatank River is presented in Table 15 . Data are presented for northern reefs, southern reefs, and all reefs combined. Shell accretion rates are the product of both age-specific mortality and the size of the individual at death. Thus, the time course of shell accretion is time lagged by 1 y with respect to the year class recruitment event. Calculation of a shell accretion rate is compromised in years in which seed are removed in the spring prior to the fall survey and when population densities are very low. Of the 5 y for which accretion rates are available (1999, 2002, (2007) (2008) (2009) ; Table 15 ) there are only 3 y for the northern reefs alone that support accretion rates greater than 4 L/m 2 /y, using the maximum accretion rate estimates. The required shell accretion rate for equilibrium with sea level rise and natural degradation processes is 4.55 L/m 2 /y (Mann et al. 2009a) , and represents a sustainable reef habitat in the absence of repletion or disturbance by harvest (Mann et al. 2009b ). The observed deficit in other years and other locations is indicative of the requirement for shell addition (planting) to maintain shell habitat base.
Oyster Shell as Habitat on Public Reefs
The relationship between the shell resource and oyster populations on public oyster reefs in the Piankatank River is described for all reef/year combinations (Fig. 7A ) and by year The derivation of the 4 quadrants (low shell, high live; high shell, high live; low shell, low live; and high shell, low live) are based on Mann et al. (2009b) . The live shell wet weight median value for the Piankatank River (PR) public reefs (A, 0.32) is presented with corresponding median values for natural public oyster reefs in the James River (JR, 0.72 (Mann et al. 2009b) ). The median values for live shell (0.72) and total shell (6.77) from the James River public reefs (Mann et al. 2009b ) are used to place the year-specific (B) values from the Piankatank River public reefs in context. ( Fig. 7B) . The quadrants in these plots are defined by the longterm total WSW median from natural self-sustaining reefs in the James River (6.77 kg/m 2 (Mann et al. 2009b) ) and the live shell wet weight median from the Piankatank River oyster populations (0.32 kg/m 2 ). The resulting 4 quadrants are low shell-low live, low shell-high live, high shell-high live, and high shell-low live. An unmanipulated, unharvested self-perpetuating natural oyster reef would be expected to stay in the high shell-high live quadrant over time. Indeed, reefs in the James River characterized as high density (>100 oysters/m 2 ) by Mann et al. (2009a, Fig. 13 ) display this stable pattern. Most of the Piankatank public reefs are distributed between the high shellhigh live (31 of 95 data pairs) and the low shell-low live (40/95) condition. These 2 extremes are associated with live oyster populations in good and poor habitat, respectively (Mann et al. 2009b) .
If the shell is buried, sinking, or lost, even with a good recruitment, the trajectory may move from high shell-low live to low shell-low live as shell becomes unavailable (Fig. 7A) . Subsequent growth of the oysters on a reduced shell base might result in a trajectory from low shell-low live to low shell-high live. Decay of a cohort from a recruitment event (high shellhigh live) should gradually move the points from high shellhigh live to high shell-low live.
A strong recruitment event will move reefs toward the high shell-high live quadrant, as demonstrated by the location of the 1999 and 2002 points (Fig. 7B) Unlike the James River reefs, the public reefs in the Piankatank River were subject to regular shell addition as part of replenishment activity (Table 10 ). The reef-specific plots (Fig. 8) represent the combination of recruitment, seed removal, and shell planting, with the solid lines corresponding to shell additions. Of the 8 reefs examined, Palace Bar was the only one that was in the high shell-high live condition for at least 10 of the 12 y examined. Burton Point 2, which received no shell addition during the study period, was at the opposite end of the spectrum, occupying the low shell-low live condition for all years. As evidenced by the Ginney Point trajectory, periodic shell addition (solid lines) may not balance losses to shell removal in the face of high disease mortality and sporadic recruitments. (Table 10 ). At annual timescales, repletion in the form of modest shell planting (;10 L/m 2 , Table 10 ) does shift the total shell-live shell balance toward the high-shell condition. Note the lateral movement from fall 2008 to fall 2009 on Burton Point, with shell planting in early summer 2009 (Fig. 8) . Multiple consecutive years of planting at this level or higher result in the observed trajectories and relative stability demonstrated on Ginney Point and Palace Bar. Both these reefs have a history of high disease pressure (Fig. 6 ) and seed harvest (Table 9 ); yet, in the long term (12 y), they remain in the high shell-high live (stable) condition 6 out of 12 y and 10 out of 12 y, respectively. These plots (Figs. 7 and 8 ) indicate shell deficits that need to be addressed by repletion on a continuous basis under the current management strategy and natural mortality schedule.
The proportion of live shell weight to total shell weight (measured in kilograms per square meter; Fig. 9 ) speaks to the long-term shell budget resulting from mortality and shell loss. High-density self-perpetuating reefs in the James River have median ratios of live shell to total shell on the order of 0.33 (Mann et al. 2009b) . Median live-to-total shell ratios from the public reefs in the Piankatank range from 0 to ;1.4, with 8% higher than 0.2 and 26% between 0.08 and 0.2 (Fig. 9) . These Piankatank values are of the same magnitude as the median ratio values ranging from 0.08-0.18 observed in poor-quality James River habitats (Mann et al. 2009b , Fig. 12D ). Approximately half (51%) of the 675 patent tongs considered had live shell-to-total shell ratios between 0.01 and 0.07. Given this, it is perhaps not surprising that the 1999 and 2002 recruitments do not dramatically increase the median values either in the year of recruitment or the one immediately after (Fig. 9A) . Seed removal in 2000 and 2003 is probably responsible for the absence of this signal. The 4 northern reefs have slightly higher live shell-to-total shell medians than the 4 southern reefs (Fig.  9B ), in keeping with the higher recorded densities and shell volumes at these locations.
DISCUSSION
The Piankatank River was described as a river that produced ''excellent oysters'' as early as the 1930s (Galtsoff et al. 1947) . The Piankatank public oyster grounds have been managed as a seed production area since at least 1963, commensurate with ''heavy'' shell planting activity (Haven et al. 1978) . This river has been characterized as a moderate seed area (130-500 spat/ bu) since the early 1970s (Haven et al. 1978) . Between 1998 and 2009, about 30% of the live oysters in the river were harvested as seed oysters, corresponding to about 7.5% of the total shell base in an average year. Shell planting (733,382 bu) during the 1998 to 2009 period contributed an average of 38% of the observed shell resource across all reefs. Seed removal (harvest) is effected with dredges, and the process is inherently destructive in areas with a natural shell base. Seed removal during the 1998 to 2009 interval was estimated to be 145,241 bu. In general, for every 5 bushels of shell planted, 1 bushel of seed was harvested (20% return). The traditional shell planting coverage target to replenish a preexisting shell base is a minimum of 5,000 bu/acre (Moore 1897 , Haven et al. 1978 , Kennedy & Sanford 1999 or 62 L/m 2 . Shell planting in the Piankatank during the study period was usually ;10 L/m 2 (Table 10) , or approximately 17% of the shell needed to build a firm bottom.
Repletion efforts in support of seed production balance shell planting with lagged seed removal by location. Thus, seed harvest is possible only with continued addition of shell. A lack of natural cultch on the Piankatank River public reefs limited seed production prior to 1963 (Haven et al. 1978) and the onset of a focused VMRC repletion effort. Most oyster repletion or management efforts seek the establishment of self-perpetuating populations over long timescales as the ultimate objective (Powell et al. 2006 , Powell & Klinck 2007 , Mann et al. 2009b . The recent history of this estuary as a focused repletion zone combining shell planting with intensive seed harvest calls into question the relevance of this standard for the Piankatank River in terms of both population demographics and the longterm accumulation or accretion of the shell base.
Although seed removal and shell planting make it difficult to identify a stock-recruit relationship in the Piankatank River on a long-term basis, the recruitment history in the river suggests that regular recruitment is possible even with limited oyster density and a relatively young (<3-4 y) demographic. Occasional recruitments in excess of 150 YOY/m 2 measured in the fall are observed (Table 12) . Indeed, Andrews (1988) credited the hydrodynamics and basin morphology of the Great Wicomico and Piankatank rivers with their ability as seed production rivers. Unlike larger, nontrap-type estuaries, like the James and Rappahannock rivers, it is possible that the Piankatank River may not have had a population demographic with more than 3-or 4-y classes present at any one time since at least the mid 1930s.
Does an unusually high river-specific R/S ratio provide opportunity for site-specific management protocols that allow consistent seed harvest quotas, maintain the habitat base, and promote self-perpetuating populations? Table 16 presents an investigation of harvest quotas as a proportion of the total standing stock with regard to selected cumulative mortality profiles (A-D) and recruitment rates over a 10-y time series. For the purposes of investigation, we have set the R/S ratio at a conservative value of 4, noting that this is less than 5.4 observed in the system during years when seed were not removed and densities were more than 10 oysters/m 2 . Four cumulative mortality rates that encompass the observed mortality values from the Piankatank River (1998 to 2009, Table 13 ) are used, and are noted as A-D in Table 16 . Each of 5 scenarios (mortality-accretion combination) was run with an initial YOY density of 150/m 2 and an initial age demographic set by the chosen mortality profile. The seed harvest rate was set as a proportion of the total density, and YOY in year (t + 1) is based on an R/S ratio for which stock are older than YOY in year t0 . The result of the cascading calculation is given in terms of YOY, more than YOY, and total oyster density over a 10-y period. Shell accretion rates are given as a total value for each year, and an annual value in excess of 3 benchmarks. The first benchmark is an accretion rate of 4.55 L/ m 2 /y (Mann et al. 2009a ) required for equilibrium based on a sea level increase of 3.5 mm/y (Pyke et al. 2008 ) and a natural shell degradation rate of 30% (Powell et al. 2006 , Powell & Klinck 2007 . The second and third accretion benchmarks are 5.25 L/m 2 /y and 6.3 L/m 2 /y based on the same 3.5-mm/y sea level rise, but with loss rates of 50% and 80% respectively. These percentage rates estimate enhanced shell loss rates associated with differing harvest pressures and gears reflecting the expected differences of impact/destruction on the shell base of hand tongs (50%) versus dredges (80%). Thus, accretion rates with positive values (i.e., supporting a sustainable seed fishery) indicate accretion despite these pressures.
With mortality profile A (Table 16 ), a 0.7 (70%) seed harvest from the population within the river is sustainable annually based on shell accretion criteria. With mortality profile B, a 0.5 (50%) annual seed harvest is slightly below a sustainable level (scenario 2, Table 16 ). Mortality profile D (scenario 5, Table 16 ) is unsustainable even in the absence of seed harvest. Mortality profiles A and D present the extremes observed in the Piankatank River from 1998 through 2009 (Table 13) . A successful seed-based repletion program must balance seed removal with natural population processes in an attempt to avoid years of extremely low oyster densities (2004 to 2006, Table 7 ), which resulted in a moratorium on seed harvest in these years. Mortality profile C can maintain a 0.15 (15%) annual seed harvest (scenario 3, Table 16 ). However, higher seed yield (70%) over the long term may be sustained by imposing harvest moratoriums every other year (scenario 4, Table 16) in the presence of a consistent R/S ratio of ;4.
The fragility of the Piankatank River oyster population is evident from the observed demographic structure in which less than 4-y classes are observed simultaneously. Balanced against this demographic, a consistent R/S ratio does suggest that modest sustainable seed harvest is possible within a comprehensive management strategy that incorporates shell planting, annual adjustment of seed quotas, and location-specific seed removal or rotational harvest. This repletion program is clearly dependent on a quantitative fall stock assessment that provides biological and habitat data to support annual adjustment of seed quotas on a site-specific basis using rotational harvest strategies. Evaluation of seed harvest locations with respect to intensity and periodicity over longer timescales predicated on oyster life history are also appropriate.
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